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The escalating global demand for energy, coupled with heightened 
environmental concerns, has rendered the identification of sustainable 
and environmentally friendly alternative energy sources imperative. 
Ethanol derived from cellulosic fibers is garnering significant interest as a 
clean and renewable energy source. Among the various production 
methods, consolidated bioprocessing (CBP) stands out due to its distinct 
advantages. Clostridium thermocellum is considered an exemplary 
candidate strain for the CBP production of cellulosic ethanol; however, the 
low yield of ethanol remains a critical limiting factor. In the preceding study, 
it was demonstrated that neodymium ions could enhance the ethanol 
production of C. thermocellum. In this study, the whole genome sequences 
of the original strain C. thermocellum ATCC 27405 (C0) and the strain with 
added neodymium ions (Nd3+) (C1) were sequenced and analyzed. The 
findings indicated that the increased expression of pyruvate-ferric redox 
protease (PFO) resulted from mutations in its promoter region. 
Furthermore, an analysis of the sequencing data, along with the results 
from single knockout experiments, revealed that mutations in the genes 
encoding methyl-accepting chemotaxis proteins (MCP) and type 3a 
cellulose-binding domain protein (Type) genes were correlated with 
enhanced ethanol production. This study serves as a reference for the 
targeted modification of C. thermocellum to optimize ethanol production. 
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INTRODUCTION 
 

Since the industrial revolution, fossil fuels such as coal and oil have become 

essential for human production and life (Hosseini et al. 2013). While the widespread use 

of these energy sources has greatly boosted productivity, it has also resulted in significant 

greenhouse gas emissions, contributing to global warming (Jayakumar et al. 2023). In 

response to these challenges, many countries are now exploring biomass resources to create 

biofuels, which offer a renewable energy alternative that can greatly reduce greenhouse 

gas emissions and support environmentally sustainable development (Qiao et al. 2022; 
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Nawab et al. 2024). According to the report by the International Energy Agency (IEA), 

biofuels are currently a commercially produced alternative fuel compared to other 

alternative fuels, with the potential to replace 10% of global oil, based on fuel performance, 

infrastructure, and other factors. Biofuel represents a viable alternative fuel that fulfills the 

criteria of being renewable, environmentally friendly, and capable of large-scale 

production.  

Cellulosic ethanol, as a typical biofuel, is fermented and converted from fibrous 

materials such as straw, hulls, skins and stalks of crops, residues from wood processing, 

and organic wastes from cities and villages (Myat et al. 2015; Guo et al. 2022). Cellulosic 

ethanol has many advantages, such as non-pollution, short regeneration period, and no 

increase in the total amount of greenhouse gases (Lovett et al. 2011). The utilization of 

lignocellulosic feedstock for ethanol production can mitigate the reliance on food sources 

for ethanol, thereby reducing competition for food resources among populations. This 

approach not only has beneficial implications for environmental sustainability, but it also 

contributes positively to the overall sustainable development of society (Reijnders et al. 

2007). For example, Yu et al. (2014) obtained a theoretical ethanol yield of 69.5% under 

optimal conditions using sweet sorghum bagasse as fermentation substrate. Zheng et al. 

(2021) produced cellulosic ethanol from sugarcane bagasse (SCB) with an ethanol yield of 

257 ± 5.51 mg/g SCB, which was produced at low cost and with high energy efficiency.  

The Thermoanaerobacterales, which exhibit a notable capacity for ethanol 

production, encompass genera such as Geobacinus, Thermoanaerobacter, and 

Clostridium. For instance, research have used Thermoanaerobacterium aotearoense (Fu et 

al. 2019) or Thermoanaerobacterium saccharolyticum (Desai et al. 2004) for fermentation 

to produce ethanol and improved yields through genetic engineering techniques. 

Clostridium thermocellum (C. thermocellum) is one of the few microorganisms that can 

directly use cellulose fermentation to produce ethanol in the natural environment as the 

second generation biofuel with its unique advantages as a sustainable energy source (Chang 

et al. 2013; Qiao et al. 2022). The C. thermocellum, a thermophilic, strictly anaerobic 

gram-positive bacterium, is one of the most efficient cellulose-degrading bacteria 

available. It metabolizes natural products including ethanol, acetic acid, lactic acid, formic 

acid, and hydrogen (Mazzoli et al. 2014; Liu et al. 2020; Xiao et al. 2023). C. thermocellum 

is able to produce decomposable cellulosic material (fibrous vesicles) due to its own 

properties, which contain a variety of hydrolytic enzymes, glycosidases, lichen 

polysaccharidases, hemicellulases, and so on (Bayer et al. 2004; Levin et al. 2006; Zhang 

et al. 2017; Jiang et al. 2021). However, the low yield and low feedstock utilization of C. 

thermocellum for cellulosic ethanol has limited its further industrial application. Currently, 

pretreatment processes have the capacity to alter the intricate structure of cellulose, thereby 

enhancing the efficiency of raw material utilization. Various pretreatment techniques have 

been identified, including mechanical grinding (Zeng et al. 2010), ultrasonics (Liyakathali 

et al. 2016), and acid or alkaline hydrolysis (Sindhu et al. 2014; Nur Aimi et al. 2015). 

Fermentation using treated feedstocks can improve utilization and yield. To further 

improve ethanol production, researchers have conducted studies related to the conversion 

of lignocellulose to ethanol by C. thermocellum in terms of metabolic pathways, cellulose 

degradation mechanisms, and ethanol fermentation. Biswas  et al. (2015) obtained a mutant 

strain of C. thermocellum that was functionally deficient in all hydrogenases by gene 

knockout, resulting in 64% of the maximum theoretical yield of ethanol. Kannuchamy et 

al. (2016) transformed pyruvate decarboxylate (PDC) and alcohol dehydrogenase (ADH) 
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genes from Zymomonas mobilis into C. thermocellum, which resulted in a twofold 

increased pyruvate decarboxylase activity and ethanol production.  

In the 1970s, researchers identified that rare earth ions exert an activating effect on 

cellulases, amylases, and proteases (Darnall and Birnbaum 1970; Gomez et al. 1974; 

Diatloff et al. 1995; Zhang et al. 2009). When the catalytic activity of the same enzyme is 

in the presence of various rare earth ions, complex reaction phenomena occur due to 

differences in the composition and structure of the enzyme’s active center, the active center 

and its surroundings, and the mode of substrate action. This indicates that the relationship 

between rare earth ions and enzyme activity is highly complex, necessitating further 

comprehensive investigations to elucidate the underlying mechanisms. Inspired by the idea 

of rare earth ions to increase enzyme activity, Xin et al. (1996) demonstrated that several 

low concentrations of rare earth ions increased the activity of glutamate dehydrogenase. 

Since 2012, the authors’ research laboratory has been focused on improving bioethanol 

production through rare earth ions. Although significant advancements have been made in 

this area, the existing literature on the application of rare earth ions to enhance ethanol 

production via microbial fermentation remains limited. Genome sequencing represents a 

critical step in the correlation of genotypes with phenotypic characteristics. This process 

entails the submission of the genome sequence of an unidentified species to a gene 

sequencer, detecting the signal of its bases, and then stitching it together (Joan et al. 2019; 

Singh et al. 2022). In particular, the technical means of triple sequencing, developed on the 

basis of the original sequencing technology, can obtain higher quality genome sequences 

and provide technical support for in-depth studies of bacteria. Yayo et al. (2021) identified 

two potential mutation sites by genome sequencing, gene editing, and physiological 

characterization of C. thermocellum and found that these mutations play a role in the 

transport or metabolism of hexoses. 

In previous stages of this experiment, C. thermocellum ATCC27405 and T. 

thermosaccharolyticum DSM571 were used to produce fuel ethanol by co-fermentation. 

The processes were regulated from multiple perspectives, including inoculation time, 

inoculation ratio, substrate concentration, fermentation temperature, pH, and metal ions, so 

as to optimize the ethanol yield (Pang et al. 2018a,b). Wang et al. treated C. thermocellum 

ATCC27405 (C0) with 10-6 mol/L Nd3+, and the highest ethanol yield of the strain was 

1.05 g/L with 26.6% ethanol yield, which was 97.5% higher than C0 (Wang et al. 2022). 

However, the specific mechanism of action of neodymium ions at the genomic level is not 

clear. The enzyme expression is regulated by various factors such as promoter sequences, 

enhancer sequences, and RNA polymerase activity, with the promoter being the most 

critical and direct factor. If the key site of the promoter can be found, then the yield can be 

further improved by genetic engineering. Based on previous studies, this study mainly 

analyzed the mechanism of Nd3+ to increase ethanol production of C. thermocellum C0 

from the promoter sequence and genome level of key enzymes that include alcohol 

dehydrogenase (ADH), pyruvate-ferric redox protease (PFO), and 6-phosphofructokinase 

(PFK). Through studying the mechanism of Nd3+ on the metabolic pathway of C. 

thermocellum, the targeted transformation of the strain and the analysis of the metabolic 

pathway, this study serves as a reference for future research aimed at enhancing ethanol 

yield.  
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EXPERIMENTAL 
 

Strains and Culture Media 
The original strain utilized in this study was C. thermocellum ATCC27405, 

subsequently designated as C. thermocellum C0. The strain C. thermocellum C1 underwent 

treated with Nd3+, and it was conserved in the Chinese Center for Typical Cultures 

Collection (CCTCC) under the conservation number CCTCC NO: M2021190. The strain 

exhibiting point mutations in the promoter sequences of the three key enzymes has been 

designated as C. thermocellum C3. 

The medium was prepared in an anaerobic cabinet with an atmosphere of N2, and 

the medium composition and configuration methods were according to Wang et al. (2022). 

The 5% (v/v) inoculum was inoculated in 100-mL serum bottles and incubated at 55 °C 

and 180 r/min for 12 h. 

 

Methods 
The Nd3+ treatment method 

The medium was supplemented with 10-6 mol/L of Nd3+ and incubated continuously 

for six generations. Then, 5% (v/v) of C. thermocellum C0 strain containing Nd3+ was 

inoculated into solid medium and incubated at 55 C with stirring at 180 r/min for three 

days. Large colonies were inoculated into liquid medium and cultured until the logarithmic 

phase, which was the removal of Nd3+ from the medium. 

 

Amplification and sequencing of target genes 

The promoter sequences of key enzymes were sequenced by constructing 

recombinant plasmids. The pMD19-T Vertor (see Fig. 1) was used for the experiment, and 

double digestion was performed using the enzymatic sites on the primers (see Table 1).  

 

 

 
 
Fig. 1. pMD19-T Vertor cloning site 

 
First, when the C0 and C1 were cultured to logarithmic phase, the DNA was 

extracted using the TIANGEN bacterial whole genome DNA extraction kit. The DNA of 

strains C0 and C1 were used as templates to amplify promoter gene fragments. The 

promoter gene fragments of the two strains were amplified separately, and the reaction 

systems included 10 μL Exq mix dye, 1 μL DNA template, 0.5 μL upstream primer, 0.5 
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μL downstream primer, and 8 μL ddH2O. The polymerase chain reaction (PCR) reaction 

system was as follows: 95 °C for 120 s, followed by 30 cycles of 95 °C for 30 s, 45 to 55 

°C for 30 s, and 72 °C with the time determined by the size of the target fragment. Next, 

the target fragments were recovered using the Agarose Gel Recovery Kit (Tengen 

Biochemical Technology (Beijing) Co.). Then, the target fragment was ligated onto the 

pMD19-T Vertor, and the ligation system was placed in the PCR instrument at 16 °C 

overnight. The ligation system was 4 μL target fragment, 1 μL pMD19-T Vertor, and 5 μL 

Solution Ⅰ. Finally, Hind Ⅲ and BamH Ⅰ were used for digestion, and the recombinant 

plasmid with correct digestion verification was sent to Sangon Biotech (Shanghai) Co., 

Ltd. for sequencing. 

 
Table 1. The Primer Sequences 

Note: The underlined portion represents the enzyme cleavage site, and the BamH I enzyme 
cleavage site is GGATCCD, the Hind III enzyme cleavage site is AAGCTT. 

 
Validation of promoter site-directed mutagenesis 

The C0 genome was used as the template to amplify the ADH, PFK, and PFO 

promoter mutation sequences, respectively. The PCR amplification products were 

sequentially subjected to gel electrophoresis, and the gel recovery purified products were 

ligated with pMD19-T Vertor to construct recombinant plasmids, which were named 

pMD19-ADH, pMD19- PFK, and pMD19-PFO, respectively. Multiple rounds of PCR 

were performed for point mutation and transformation into E. coli DH5α receptor cells to 

screen positive clones with ampicillin. Ultimately, the recombinant plasmids were 

Target 
Sequence 

Primer 

ADH 
Upstream primer: CGAAGCTTGTTGTCAATCAAATCGCG 

Downstream primer: CGCCGGATCCTAAAACCTCCTCCTTT 

PFK 
Upstream primer: CGGCGAAGCTTATAATAAGCGTCAGAATGC 

Downstream primer: AATTGGATCCCTCCCCTAAATCCCGT 

PFO 
Upstream primer: GCAAGCTTGATTTGCAGCCGGAGTT 

Downstream primer: CGGGATCCCTCTCCTATTCTTTCCCGTT 

ADH1 

Upstream primer: 
GCATGGTAAGGAGAATAAGCATTGTACATATCGGAG 

Downstream primer: GGCAGCGTACCATTCCTCTTATTCGTAACAT 

ADH2 
Upstream primer: GCGCCGTGGATACTACCTCTACAAAGAACGATAT 

Downstream primer: CCGTGGCAAAAACCTATGGATGGAGATT 

ADH3 
Upstream primer: CTTGCGAGAGAATGCAATATGGTGACG 

Downstream primer: CCGCACCTACCTTATTAACGCTCTTCTTACG 

PFO1 
Upstream primer: GCCGCAGAAAATAAATGAGTATACTCCGGATGT 

Downstream primer: CGCGCCGCCACTAAAATATGTCTTTTATTTACTCT 

PFO2 
Upstream primer: CCGACTCCGGATGTTATTGATGAAAATCAGAAAG 

Downstream primer: CGCCGCACTCATATGAGGCCTACAATAACTT 

PFO3 
Upstream primer: GGCCCAGGATAAATTGATTGCAGAGTGCTTTTAC 

Downstream primer: CGCCGCCTATAAACAGGATAAATTGATTGA 

PFO4 
Upstream primer: CGAGTATTGGATGCAGATTTTATTTCCGACGAAG 

Downstream primer: GCCGCAATAAACCCTTTTCATAACCTACGTCTAC 

PFK1 
Upstream primer: AAGCTCGGCTATATTGAAAAAACGCACATTTC 

Downstream primer: TACCGCCTAAACCTCTTCGAGCCGATAT 

PFK2 
Upstream primer: GCGCAAATTTTATCCGACCTGACGAACT 

Downstream primer: GCTTTTCAGCCGCGTTTAAAATAGGCTG 

PFK3 
Upstream primer: CAAATCGTTCCGCACAACGAACAGACA 

Downstream primer: CAACTTTTGGCCCAGCACTAGGCGTGT 
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extracted in limited quantities, and the positive recombinant plasmids were identified 

through double digestion before being sent to Sangon Biotech (Shanghai) Co., Ltd. for 

sequencing. 

The expression vector for the experiment was pET-28a (as in Fig. 2). The pMD19-

T is a cloning vector, which is mainly used for gene cloning and amplification, while pET-

28a is an expression vector, which is used to express the exogenous genes in the host cells. 

The pMD is the high copy plasmid, which would replicate a lot of plasmids, and then 

enzymatically cleave to propose the target fragment inside, which would be relatively easy 

to be attached to the PET. After extracting the plasmids, double digestion was performed 

using the enzymatic sites on the primers (see Table 1), respectively. Enzymatic digestion 

was performed at 37 °C for 4 h. The results were examined by 1% agarose gel 

electrophoresis after the reaction was completed. The mutant promoter and the large 

fragment sequence of the expression vector were recovered, and the vector sequence was 

ligated to the mutant promoter. The reaction system consists of 9 μL Insert fragment, 2 μL 

T4 DNA Ligase Buffer, 1 μL T4 DNA Ligase, 5 μL ddH2O, and 3 μL Vector pET-28a. 

 

 
 
Fig. 2. pET-28a Vector map 

 

Determining the expression of key enzymes 

The bacterial broth of C0 and mutant strain (C3) were taken under the same culture 

conditions, and the same bacterial concentration of both strains was ensured by protein 

content assay. The total RNA of each strain was extracted separately using the BBI 

Bacterial Total RNA Rapid Extraction Kit (Sangon Biotech (Shanghai) Co., Ltd., Order 

NO.B518625). Then, the first strand of cDNA was synthesized using the BBI cDNA First 

Strand Synthesis Kit (Sangon Biotech (Shanghai) Co., Ltd., Order NO.B639251). The 

cDNAs of C0 and C3 were used as templates for PCR reaction amplification. The reaction 
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system consists of 10 μL Exq mix Dyes, 2 μL DNA template, 0.5 μL upstream primer, 0.5 

μL downstream primer, and 7 μL ddH2O. The PCR reaction system was as follows: 94 °C 

for 120 s, followed by 30 cycles of 94 °C for 30 s, 59 °C for 30 s, and 72 °C for 600 s. The 

16S rRNA was selected as the internal reference gene. The four pairs of primers are shown 

in Table 2. 
 

Table 2. Primer Design 

Target 
Sequence 

Sequence 
Length (bp) 

Primer 

16S rRNA 93 
Upstream primer: CGGGTGTTGCAGACTCTCAGGTGT 

Downstream primer: AGTAVGGCCGCAAGGTTGAAACTCA 

ADH 152 
Upstream primer: CGGGTGTTGCAGACTCTCAGGTGT 

Downstream primer: AGTAVGGCCGCAAGGTTGAAACTCA 

PFK 252 
Upstream primer: GGAGCAAGAGACATCAGCAAACT 

Downstream primer: CAGAACGACAGCCTCAGCACCT 

PFO 165 
Upstream primer: GGACAACAAAGATGAGGCTGAA 
Downstream primer: GCCCATCCGTCTCCACCTA 

 

The cDNA synthesized by reverse transcription of RNA from C0 and C3 was used 

as template and amplified by RT-PCR reaction using a fluorescent quantitative PCR 

instrument (BIO-RAD, Hercules, CA, USA), and the PCR reaction system was the same 

as above. The reaction system consisted of 10 μL Light Cycler 480 mix Dyes, 5 μL cDNA 

template, 1 μL upstream primer, 1 μL downstream primer, and 3 μL Light Cycler 480 

DEPC H2O. The standard curve was plotted according to the logarithm of the copy number 

of the standards and the Ct value. The 16S rRNA genes were used as internal reference 

genes to analyze the relative expression of ADH, PFO, and PFK gene mRNA in C0 and 

C3 according to the 2-ΔΔCt method. 

 

Determination of key enzyme activity 

The supernatant was removed through the centrifugation of 25 mL of log-phase 

bacterial suspension, followed by multiple rinses of the bacterial pellet with a 0.1 mol/L 

Tris-HCl buffer solution (pH 7.6). Subsequently, 1.5 times the volume of the precipitate 

was added, and the cells were lysed under ice bath conditions. The mixture was then 

centrifuged for 30 minutes, yielding the intracellular crude enzyme solution as the resulting 

supernatant. The enzyme activity of intracellular crude enzyme solution was determined 

by the reaction system in Table 3.  

 

Table 3. Enzyme Reaction System 

 

Enzymes Reaction System 

ADH 
0.1 mol/L Tris-HCl (pH 7.6) buffer, 0.01 mol/L DTT buffer, 0.5 mmol/L 

NAD(P)H, 0.055 mol/L acetaldehyde, Crude enzyme solution 

PFO 
0.1 mol/L Tris-HCl (pH 7.6) buffer, 0.1 mmol/L CoA, 0.020 mol/L DTT buffer, 2 mmol/L 

methylviologen, 5 mmol/L Pyruvic acid, Crude enzyme solution 

PFK 

0.1 mol/L Tris-HCl (pH 7.6) buffer，0.01 mol/L DTT buffer, 2 mmol/L ATP, 5 mmol/L 

MgSO4, 0.3 mmol/L NADH, 0.05 mol/L KCl, 2 U aldolase, 2 U 
Phosphoglyceraldehyde isomerase,10 U Glycerol phosphate, Crude enzyme solution 
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The enzymatic activity of ADH was determined by reference to the method of 

Brown et al. (2011). The enzymatic activity of PFO was determined by reference to the 

method of Shaw et al. (2008). The enzymatic activity of PFK was determined by reference 

to the method of Sridhar et al. (2000). 

 
Comparative genomic analysis 

C0 and C1 strains were cultured to logarithmic phase, then 1 mL of bacterial broth 

was taken, and the whole genomic DNA of both strains was extracted using the Bacterial 

Whole Genome DNA Extraction Kit, and sequenced by Beijing Novogene Technology Co. 

The single nucleotide polymorphism (SNP), insertion and deletion (InDels), and Structural 

variation (SV) analyses were performed on the sequencing results. Based on the positional 

relationships and interactions between SNPs and genes, gene prediction and annotation 

analyses were performed using databases, such as Rapid Annotation using Subsystem 

Technology (RAST), Kyoto Encyclopedia of Genes and Genomes (KEGG), and the 

Protein Sequence Database (SwissProt) for gene prediction and annotation analysis to 

resolve genome-level changes in the strains before and after mutagenesis. 

 

Knocking out key enzyme genes 

C. thermocellum C0 genomic DNA was used as the template to amplify the 

upstream A fragment and downstream B fragment of the target gene, respectively. The 

reaction system consisted of 10 μL Exq mix Dyes, 2 μL DNA template, 0.5 μL upstream 

primer, 0.5 μL downstream primer, and 7 μL ddH2O. The PCR reaction system was as 

follows: 94 °C for 120 s, followed by 30 cycles of 94 °C for 30 s, 59 °C for 30 s, and 72 

°C for 600 s. Primer sequences are shown in Table 4. The amplification products were 

identified correctly by agarose gel electrophoresis. The gel recovery kit was used for 

purification and the recovered product was stored at -20 °C. 

 

Table 4. Arac, MCP, and Type A/B Homology Arm Primer Design 

Enzyme 
Sequence 

Length 
Primer 

Arac-A 800 bp 
Upstream primer: CGGAATTCTCCGAACAGCAGCTTGATTG 

Downstream primer: CCGCGCGTTAATAGTCTTTTTTCTTTACCGGAAT 

Arac-B 821 bp 
Upstream primer: CGCGGATGGATTCTCTAAGCAGAATGAAT 

Downstream primer: CAAGCTTCAAACGACCTCCTTTCATTATCG 

MCP-A 800 bp 
Upstream primer: CCGAATTCGCAGCAGTATGGAGTAT 

Downstream primer: GCCAAGGAAGGTTTGGTAGCCGTCTTGTC 

MCP-B 779 bp 
Upstream primer: CATGCGAGAGAACAGGCGGCATCCAAACC 
Downstream primer: CGAAGCTTTGTTCCAGCCTCCCTAATAC 

Type-A 768 bp 
Upstream primer: GCCGAATTCCTTAGCAAAAGCTCCGG 

Downstream primer: CCTACCGCCGTCACCTTCAATTCCTTCCC 

Type-B 701 bp 
Upstream primer: CGCTGTCAACGGGGAAGGAATTGAAGGTGAC 

Downstream primer: CGCAAGCTTCGGACCTTACGCCGTCATT 

Note: The underlined portion represents the enzyme cleavage site, and the BamH I enzyme 
cleavage site is GGATCCD, the Hind III enzyme cleavage site is AAGCTT. 

 

The upstream and downstream sequences of the target gene were fused and ligated 

by PCR. The purified upstream and downstream homologous arm fragments were mixed 

in a molar ratio of 1:1, and the mixed DNA fragments were used as templates for fusion 
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PCR with primers AF and BR. The ligated recombinant fragments were obtained, and the 

PCR products were purified. 

Plasmid pK18mobSacB and the target fragment were digested with Hind Ⅲ and 

EcoR I. The digestion system were 5 μL plasmid, 0.5 μL EcoR I, 0.5 μL Hind III, 0.2 μL 

Buffer, 2 μL MC10 × Buffer, and 11.8 μL ddH2O. The digestion was performed at 37 °C 

for 4 h. The cloning site of plasmid pK18mobSacB is shown in Fig. 3. The electro 

transformation protocol referred to was Huang et al. (2015) for the electro transformation 

conditions of the shuttle plasmid pLuKELd Thermoanaerobacterium aotearoense 

SCUT27. The mutant was activated and the plasmid DNA was extracted as described 

above. A total of 1 μL of template DNA, 0.8 μL of upstream and downstream primers, 10 

μL of Taq enzyme, and 7.4 μL of ddH2O were added for PCR amplification. 

The original strain (C0) and modified strains were inoculated into the culture 

medium respectively, and fermented at 180rpm and 55℃ for 48h. The ethanol yield was 

determined at the end of fermentation and C0 was used as a control. 

 

 
 
Fig. 3. Suicide plasmid pK18mobSacB map 
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Determination of growth curve 

The wild and mutant strains were inoculated in MTC medium and incubated at 

55 °C and 180 r/min for 12 h. The medium was added at 5% inoculum. The OD600 values 

were determined every 2 h and the growth curve was used to represent the growth of the 

strains. 

 

Determination of ethanol yield 

The ethanol content in the fermentation broth was determined by high performance 

liquid chromatography (e2695; Waters, MA, USA), and the liquid phase detection 

conditions are shown in Table 5.  

 

Table 5. Ethanol Content Liquid Chromatography Detection Conditions 

Chromatographic column type Aminex HPX-87H column (300 mm × 7.8 mm id, 9 μm) 

Mobile phase 2.5 mM H2SO4 

Detector Waters 2414 RI Differential detector 

Flow Rate 0.5 mL/min 

Sampling volume 10 μL 

Column temperature 50 °C 

 

Data analysis 

The experimental data were analyzed using SAS 9.2 (SAS Inc., Cary, NC, USA) 

for variance analysis under p < 0.05 and p < 0.01. All data are presented as the mean ± 

standard deviation, ensuring a clear representation of the variability and central tendency 

of the observed values. 

 
 
RESULTS AND DISCUSSION 
 
Results of Promoter Sequencing Data Analysis 

The strain C1 was C0 treated with the addition of Nd3+. The differential gene 

sequences are shown in Table 6. By comparing the gene sequences of ADH, PFO, and PFK 

gene promoter region sequences of strains C0 and C1, three base mutations were found in 

the sequence of the ADH promoter region of C1 and the types of mutations were 

substitutions and deletions. The PFO promoter region sequence had four base substitution 

mutations, and the PFK promoter region sequence had three mutated bases. The bases in 

which substitutions and deletions occurred contained four bases, and almost all of them 

were mutated in a single base, indicating that neodymium ions affected the promoter region 

sequences of ADH, PFO, and PFK.  

The initiation of transcription is a critical stage of gene expression, and when the 

promoter binds to RNA polymerase to start transcription, changes in the promoter structure 

directly affect the efficiency of binding to RNA polymerase and thus the level of gene 

expression (Leacock et al. 2006). The analysis of Nd3+ treatment to increase the expression 

level and enzyme activity of key enzyme genes may be due to the enhancement of the 

transcriptional function of genes by affecting the sequence of the key enzyme promoter 

region (Würleitner et al. 2003). 
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Table 6. Differences in Promoter Sequences of Different Genes 

Gene Base Site C0 C1 Mutation Type 

ADH 

24 A T Reversal 

536 C T Reversal 

621 A - Deletion 

PFO 

76 T A Reversal 

96 T C Transition 

185 C A Transition 

614 T C Transition 

PFK 

16 A G Transition 

211 C G Reversal 

288 A T Reversal 

 

Effect of Point Mutations of Promoter Sequence on Enzyme Expression 
The key enzyme ADH, PFO, and PFK promoter region point mutant strain C3 was 

successfully constructed. The experimental results indicated that mutations in the promoter 

region of key enzymes can have an effect on the expression of key enzymes. The level of 

ADH gene in C3 was 1.03 times than that of C0 (P < 0.05), the expression of PFO gene in 

C3 was 1.22 times than that of C0 (P < 0.05), and the expression of PFK gene in C3 was 

1.08 times than that of C0 (P < 0.05) (Fig. 4). 

 

 
 
Fig. 4. The expression level of three key genes; Different lowercase letters p <0.05, and different 
uppercase letters p <0.01 

 

Effect of Promoter Sequence Point Mutations on Enzyme Activity 
The enzyme activities of the three key enzymes of C0 and C3 are shown in Fig. 5. 

The enzyme activities of ADH, PFO, and PFK in C3 were all increased compared to these 

in C0, being 1.05 times, 1.14 times, and 1.07 times higher than C0, respectively, but the 

changes of enzyme activity in these were not significant. The strength of the enzyme 

activity affected the efficiency of the catalysis, so the absence of significant changes in 

enzyme activity indicated that the catalytic capacity of the enzyme protein remained 

unchanged and had not affected substrate consumption and product synthesis (Petsch et al. 

2012). The activity of enzymes depends not only on the expression level of their genes, but 

The Three Key Enzymes 
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also on their own structure and function. Therefore, the point mutations in promoter 

sequences do not necessarily cause changes in enzyme activity. The high expression of 

mRNA did not indicate high enzyme activity. Protein expression is closely related to 

transcription and translation, and its expression is determined by the transcription level and 

translation process (Mikel et al. 2021). 

 

 
 

Fig. 5. Three kinds of key enzyme activity of C0 and C3; Different lowercase letters p < 0.05, and 
different uppercase letters p < 0.01 

 

Key enzyme activity and expression both directly affect enzyme catalytic 

performance and increase the flux increase in metabolic pathways (Carere et al. 2014; 

Wang et al. 2022). The enzyme expression and enzyme activity are regulated by 

transcriptional level and gene level, etc. The previous study showed that Nd3+ can 

significantly increase the expression of acetaldehyde dehydrogenase (ALDH), which was 

11.1 times more than the original strain. However, Nd3+ neither changed the gene 

sequences of ALDH and ADH, and nor mutated the promoter gene sequence of ALDH 

transcription initiation. The enzyme expression of PFK and PFO in C1 was 3.35 times and 

1.53 times higher than that in C0 and the enzyme activity of PFK and PFO in CX was 2.0 

times and 1.48 times higher than that of the original strain, respectively, and the gene 

sequences of these two enzymes were altered by Nd3+ (Wang et al. 2022). In this 

experiment, ADH, PFO, and PFK promoter sequences were mutated, and the fixed point 

mutation verified that the expression of PFO was significantly increased, which was 1.22-

fold of the original strain. While the expression of ADH and PFK and the enzyme activity 

of the three key enzymes were not significantly changed. This indicates that the effects of 

mutagenesis on the structure, function, and stability of key enzyme sequences and 

promoters in the metabolic pathway are somewhat contingent and random and involve the 

regulation of other regulatory factors (Furukawa et al. 2009). Therefore, sequence changes 

in key enzyme sequences and promoter regions are not the only reason for affecting the 

expression and enzyme activity of key enzymes. 
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Results of Comparative Genomic Analysis 
Through sequencing the DNA libraries of C1 and C0, the original strain sequencing 

data were 1358 and 1458 Mb, respectively, with a read length of 150 bp. Table 7 shows 

good sequencing quality. The four lines of the results of high quality library construction 

and sequencing were good by being close and parallel, and the GC and AT contents match 

well as seen in Fig. 6(a) and (b). As shown by the base quality distribution in Fig. 6 (c) and 

(d), the average error rate of the bases was all below 0.05%. The results indicate that the 

genome resequencing data have good results and can be analyzed in the next step. 

 

Table 7. Sequencing Data Statistics 

Sample 
ID 

Insert 
Size 
(bp) 

Reads 
Length 

(bp) 

Raw 
Data 
(Mb) 

Filtered 
Reads 

(%) 

Clean 
Data 
(Mb) 

GC 
(%) 

Q20 
(%) 

Q30 
(%) 

C1 350 (150:150) 1,358 7.92 1,250 38.23 95.91 89.76 

C0 350 (150:150) 1,458 7.72 1,346 38.45 95.61 89.19 

 

       

         
Fig. 6. Base content and base mass distribution of C0, C1: (a) C0 base mass distribution map; 
(b) C1 base mass distribution map; (c) C0 base mass distribution map; (d) is C1 base mass 
distribution map 

  



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Cui et al. (2025). “Genome study of C. thermocellum,” BioResources 20(2), 3155-3175.  3168 

There were 3839 and 3862 base conversions, 1261 and 1267 base reversals, 341 

and 386 heterozygous SNPs, and 4759 and 4743 pure SNPs in C0 and C1, respectively. C0 

has 1639 non-synonymous mutations and 2449 synonymous mutations. C1 has 1659 non-

synonymous mutations and 2473 synonymous mutations. Amino acid mutations caused by 

nonsynonymous mutations can further affect gene expression. There were 93 mutations 

involving a total of 35 proteins or enzymes with mutated gene sequences. The annotation 

analysis yielded mutations in genes related to the biosynthesis of cell walls and cell 

membranes, methylotropic receptor protein genes, ribonucleases, endonuclease genes, 

transcriptional regulators, methyltransferase genes, and transposase genes, in addition to 

mutations in genes related to putative proteins and proteins of unknown function. These 

mutated genes may be associated with gene expression, metabolism and signaling, and 

DNA methylation. By regulating the expression of the key genes in the microbial metabolic 

pathway, it can promote metabolism, accelerate the influx of nutrients and produce the 

efflux of inhibitors, leading to increase of ethanol production (Nataf et al. 2010). 

There were 70 structural variants in C0, including 7 intrachromosomal migrations, 

60 deleted SVs, and 3 inverted SVs. There were 66 structural variants in C1, including 6 

intrachromosomal migrations, 57 deleted SVs, and 3 inverted SVs. There were 80% of SVs 

with length of 1000 bp or more. The SVs in this experiment mainly involved integrase 

catalytic region, transposase, and transcription terminator Rho. The outermost circle in Fig. 

7 shows the coordinates of the reference sequence positions, and from the outer to the inner, 

the InDel distribution, SNP number distribution, reads coverage depth, reference sequence 

genomic GC content, and reference sequence genomic GC offset value distribution of C0 

and C1, respectively. The data indicated that neodymium (Nd) ions induced multiple 

mutations in the genome of C. thermocellum ATCC C0, with the single nucleotide 

polymorphism (SNP) and structural variation (SV) data supporting one another. 

 

 
 

Fig. 7. Genome-wide variation map 
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Results of Knockout Strains Growth Measurement  
The strain of C. thermocellum C0 with arac knocked out will be abbreviated as CX, 

the strain with mcp knocked out as CY, and the strain with Type gene knocked out as CG. 

The knockout strains were identified and successfully constructed. As shown in Fig. 8, the 

three deletion strains of CX, CY, and CG and the wild strain all showed a typical "S" 

shaped growth curve, and the time of the delayed, logarithmic growth period and stable 

period of both were basically the same. The experimental results indicated that the 

knockdown of the three genes respectively did not produce significant effects on bacterial 

growth and reproduction. This observation may be attributed to the fact that the gene 

knockdown did not affect the biomass of C. thermocellum, resulting in similar growth 

trends among the strains (Lo et al. 2010). 

 
 

Fig. 8. Growth curve of original strain and knockout strains 
 

Results of Ethanol Yield Measurement of Knockout Strains 

As shown in Fig. 9, there was no significant change in ethanol production of CX 

strain after knocking down arac compared to the original strain.  

 

 
 

Fig. 9. Ethanol production of original strains and knockout strains; Different lowercase letters 
mean that p < 0.05, and different uppercase letters mean that p < 0.01 
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The ethanol production of CY strain with MCP knockdown was 1.07 times higher 

than that of the original strain. The ethanol yield of CG strain with knockout of Type was 

1.32 times higher than that of the original strain. This indicates that the Arac gene is not a 

key locus for Nd3+ to improve ethanol yield, while the mutations in MCP and Type are 

associated with ethanol yield improvement to some extent. Fu et al. (2019) increased the 

ethanol yield of Thermoanaerobacterium aotearoense SCUT27 with 15.8% by gene 

knockout. The ethanol yield of CG in this experiment was increased with 31.9%, which 

was higher than the cited study. 

Mutations in the AraC gene did not significantly impact ethanol production. 

However, these mutations may influence the expression of genes related to cell membrane 

formation in C. thermocellum C0, potentially enhancing the uptake nutrients or the  

excretion of product inhibitors (Wang et al. 2022; Santiago et al. 2016). It is plausible that 

this gene plays a role in the regulation of gene expression within other metabolic pathways, 

potentially influencing the improvement of ethanol production. The primary function of 

this gene type is to bind to the substrate cellulose. Variations in the cellulose degradation 

capacity of cellulosomes can be attributed to differences in structural components and 

assembly patterns across various microbial species. (Sheng et al. 2022). 

 
 
CONCLUSIONS 
 

1. The analysis conducted through sequencing revealed the presence of mutations in the 

promoter regions of the genes alcohol dehydrogenase (ADH), pyruvate-ferric redox 

protease (PFO), and 6-phosphofructokinase (PFK). 

2. The findings from results of the targeted mutation assay suggest that the alteration in 

PFO enzyme expression is attributable to a mutation within the promoter sequence. 

3. The sequencing results revealed the presence of 93 mutations in C1, encompassing 

genes associated with cell membrane biosynthesis, methyl chemotaxis receptor 

proteins, ribonucleases, endonucleases, transcriptional regulators, methyltransferases, 

and transposases. 

4. The knockout of the key genes arac, mcp, and type 3a cellulose-binding domain protein 

(Type) did not impact the growth of the strain, however, mutations in the methyl-

accepting chemotaxis proteins (MCP) and Type genes were correlated with enhanced 

ethanol production. 
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